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ABSTRACT 

The Cosmic Origins Spectrograph (COS) is a moderate-resolution spectrograph with unprecedented 
sensitivity that was instaUed into the Hubble Space Telescope {HST) in May 2009, during HST Ser- 
vicing Mission 4 (STS-125). We present the design philosophy and summarize the key character- 
istics of the instrument that will be of interest to potential observers. For faint targets, with flux 
Fa ~ 1.0 X 10"^"' erg cm~^ s~^ A~^, COS can achieve comparable signal to noise (when compared 
to STIS echelle modes) in 1-2% of the observing time. This has led to a significant increase in the 
total data volume and data quality available to the community. For example, in the first 20 months 
of science operation (September 2009 - June 2011) the cumulative redshift pathlength of extragalactic 
sight lines sampled by COS is 9 times that sampled at moderate resolution in 19 previous years of 
Hubble observations. COS programs have observed 214 distinct lines of sight suitable for study of 
the intergalactic medium as of June 2011. COS has measured, for the first time with high reliability, 
broad Lya absorbers and Ne VIII in the intergalactic medium, and observed the He II reionization 
epoch along multiple sightlines. COS has detected the first CO emission and absorption in the UV 
spectra of low-mass circumstellar disks at the epoch of giant planet formation, and detected multiple 
ionization states of metals in extra-solar planetary atmospheres. In the coming years, COS will con- 
tinue its census of intergalactic gas, probe galactic and cosmic structure, and explore physics in our 
solar system and Galaxy. 

Subject headings: spectrographs, ultraviolet:general 



1. INTRODUCTION 

The Cosmic Origins Spectrograph (hereafter COS) was 
proposed as an instrument for the Hubble Space Telescope 
{HST) Servicing Mission 4 (SM4) in response to a NASA 
Announcement of Opportunity released in 1996 (AO-96- 
OSS-03). It was conceived as a point-source, moderate- 
resolution spectrograph, with significantly greater ob- 
serving sensitivity than previous or planned instruments 
and a select number of operating modes. The primary 
science case was the extension of the number of QSO ab- 
sorption sight lines from the handful available, even after 
the installation of STIS on SM2, to several hundred, to 
begin the systematic study of the distribution and phys- 
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ical conditions of the intergalactic medium (IGM) and 
the structure of matter on cosmological scales. 

In fall 1997, COS was the only proposal selected for 
development, with a presumed launch date of October 
2002. At the time of selection, HST was scheduled for 
decommissioning in 2005, so that the proposed version 
of COS was intended for only three years of operation, 
consistent with the guidelines of the announcement of 
opportunity. The original proposal for COS included 
only the short wavelength. Far Ultraviolet (FUV) chan- 
nels, and covered 1150-1775 A. After selection, NASA 
directed the project to incorporate a Near Ultraviolet 
(NUV) capability and extend the wavelength coverage 
out to 3200 A. The channels that support the 1750-3200 
A regime are referred to as the NUV channels. In 1998, 
the planned lifetime of HST was extended to 2010, and 
the Wide Field Camera 3 (WFC3) was added as a sec- 
ond instrument for SM4. The extension of the mission 
lifetime required a significant change in the electronics 
parts program of COS to provide additional radiation 
protection, and the upgrade of numerous components to 
full redundancy, which had previously been viewed as 
unnecessary for a three-year mission lifetime. In Novem- 
ber 2003, COS completed thermal vacuum testing at Ball 
Aerospace and was being prepared for delivery for fiight. 
However, SM4 was cancelled by NASA in 2004. In the 
aftermath of the Space Shuttle Columbia disaster, it was 
considered too risky to fly a mission that could not uti- 
lize the International Space Station as a safe haven in 
case of damage to the Shuttle. 
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SM4 was reinstated in 2006, with a scheduled launch 
date of 2008. After a slip to accommodate the servicing 
of one of the HST command and data handling comput- 
ers (which failed in 2008), launch and servicing occurred 
in May 2009. After orbital verification and initial calibra- 
tion, COS began science operations in September 2009 . 

The COS Instrument Handbook (jPixon et al.ll2010[ ). 
available online at the Space Telescope Science Institute 
(STScI) web sitcF^. provides constantly updated informa- 
tion about the on-orbit performance of COS. While some 
overlap exists between this work and those documents, 
it is our intention to primarily discuss those aspects of 
the COS instrument that are not included in the STScI 
documentation. Potential observers are advised to re- 
fer to the current version of the Handbook for the latest 
information on COS before submitting a proposal. 

2. DESIGN PHILOSOPHY 

COS was envisioned as a high-throughput, moderate- 
resolution spectrograph whose high level of sensitivity 
would enable the efficient observations of large numbers 
of targets, united by the theme of probing cosmic ori- 
gins. The centerpiece of this vision was a sufficiently 
large survey of absorption lines, using QSOs as back- 
ground sources, so as to greatly advance our understand- 
ing of the structure of matter on cosmological scales, in 
particular, the physical conditions, metallicity, and dis- 
tribution of the cosmic web. We established a design 
goal of being ten times more efficient (1/10*'* the ob- 
serving time) at obtaining the same S/N spectra for a 
given object, compared to the predicted performance of 
STIS. At the time the COS concept was being developed. 
Servicing Mission 2 had not yet occurred (SM2 was con- 
ducted in February 1997) and STIS was not yet installed. 
The final performance of COS substantially exceeds this 
design goal, as will be discussed in Section 6. A factor-of- 
ten improvement in observing efficiency would make al- 
most 1000 times as many QSO lines of sight available for 
observation in a reasonable time, many more than could 
possibly observed by HST during its final years. Thus, 
the QSO survey would be limited only by the amount 
of observing time that would be assigned to this science 
objective, and not by a lack of observable targets. In 
addition, this large increase in potential targets means 
that observing programs could have greater freedom to 
choose their lines of sight, and could design probes of 
particularly interesting foreground regions, rather than 
being limited to the serendipitous sampling of the fore- 
ground provided by the handful of distant background 
targets that were bright enough to observe prior to COS. 

To this end, the spectral resolving power of COS 
[R — A/AA) was chosen to be 20,000 in the primary 
observing mode, as this was felt to be sufficient to avoid 
confusion between intergalactic absorbers, and to allow 
reasonable estimation of the physical parameters of the 
gas. Lya and O VI absorption lines have typical doppler 
h values of 20 - 25 km s~^ and the observed Lya line 
frequency dN/dz ^ 100 down to an equivalent width of 
20 mA, yielding one line about every 300 km s^^. While 
higher spectral resolution could have been employed, this 
would have required more observing time to achieve the 
same signal to noise per resolution element and restricted 

http:/ /www. stsci.edu/hst/cos/documcnts/handbooks/current 




Fig. 1. — The COS optical layout showing the principal compo- 
nents of the instrument. Light from the telescope passeses through 
the aperture and strikes one of four optics on the Optics Sleet 
Mechanism 1 (OSMl). In the FUV modes, light is corected and 
dispersed by one of three gratings (G130M, G150M or G140L) and 
directly imaged onto the FUV detector. If an NUV mode is se- 
lected, light is corrected and redirected by NUV Channel Mirror 
1 (NCMl), coUimated by NCM2, and then strikes one of five op- 
tics on Optics Select Mechanism 2 (OSM2). The diffracted light is 
then re-imaged by the camera mirrors (NCM3-a,b,c) and recorded 
on the NUV MAMA detector. 

the simultaneous bandpass coverage. Given the resolv- 
ing power constraint, all other optical design parameters 
for COS were chosen to minimize the time necessary to 
achieve a given signal to noise. It was our intention to 
increase the science return of HST through substantial 
increases in usable data, either through higher signal- 
to-noise observations or more observations at the same 
signal to noise. As will be shown, this objective has been 
accomplished. 

It was well understood that a spectrograph with such 
a significant gain in sensitivity would enable numerous 
other scientific endeavors, and that the community would 
identify science goals through the guest observer (GO) 
process that we had not considered. Several science 
cases were identified by the COS science team, includ- 
ing studying the origin of young stellar systems, stellar 
winds, cataclysmic variables, and active galactic nuclei 
(AGN). However, it was the IGM science that drove the 
fundamental design choices for the FUV optical design. 
It is also important to recognize that COS was always 
assumed to be operating in parallel with a functioning 
STIS. COS was not intended to replace, but rather to 
complement STIS by enabling scientific observations that 
would otherwise require an unacceptably large commit- 
ment of observing time to realize. For example, it was 
assumed that for high-resolution spectroscopy on bright 
targets, and high-precision imaging spectroscopy, STIS 
would remain the preferred instrument. 

The overall philosophy to maximize the sensitivity of 
COS centered on six fundamental design issues, which 
are discussed below. For reference, a schematic repre- 
sentation of the COS FUV channel is shown in Figure [TJ 

2.1. Minimize the total number of reflective surfaces in 
the optical design 

In the ultraviolet (UV), each reflective surface has at 
best 80% reflectivity. Therefore the FUV channel was 
designed to utilize a single optical element: one grat- 
ing. This grating would have to disperse the light, re- 
image the diverging telescope beam, correct the spheri- 
cal aberration of the Hubble Optical Telescope Assembly 
(OTA) and correct the inherent aberrations of the quasi- 
Rowland circle mount. The design of these gratings is 
discussed in Section [2^ 

Previous HST corrector designs for STIS 
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(|Woodgate et all fTOOl and ACS (iFord et alJ [19961) 
utilized multiple optics to correct the spherical aberra- 
tion content of the OTA by using a collimating mirror 
to reform the entrance pupil (or equally, an image of 
the primary mirror) and then a corrector/re-imaging 
mirror to introduce a wavefront correction of equal and 
opposite magnitude to the pathlength errors in the HST 
primary mirror. This is necessary when correcting the 
aberrations over a field. In such an application (e.g., 
STIS) a slit can be introduced in the system at the 
corrected focus, and any post-slit spectrograph can 
utilize classic designs which image the spectrograph 
entrance slit. Such a design results in a large number 
of reflective surfaces. However, by designing COS as a 
point-source spectrograph and limiting the field of view 
to a few arc seconds, any point in the diverging beam 
behind the OTA focus is an effective pupil, and the 
wavefront correction can be implemented at any point 
behind the focus. This is the technique utilized in COS. 

2.2. Eliminate the slit losses in the system 

Most slitted spectrographs have significant throughput 
losses at the spectrograph entrance slit . Some modes o f 
STIS have up to 50% losses at the slit (|Bostroemll2010D . 
The entrance slit in most spectrographs is present to de- 
fine the width of the imaged point source in the disper- 
sion direction, to limit contamination from the sky and 
other astronomical sources, and to relax requirements on 
pointing/tracking so that the spectral resolution does not 
degrade if the telescope drifts on the sky. However, on 
HST, these reasons are less relevant. The excellent point- 
ing stability of HST (typically less than 0.007" jitter) 
eliminates the need to correct for sky drift. The spheri- 
cal aberration of the HST OTA means that a point source 
does not form a well defined image at any point without 
further correcting optics. Therefore, any slit utilized at 
the OTA focus in a classic spectrograph approach (where 
the final image is the image of the slit) will either have 
low transmission if the slit is small, or poor spectral reso- 
lution if the slit is wide. COS avoids both of these pitfalls 
by focusing the spectrograph not at the slit, but on the 
sky, so that spectral width of a monochromatic point 
source is only as large as the corrected HST line spread 
function (LSF) (Kriss 2011) plus any aberrations in the 
spectrograph. By proper design, these can be made small 
enough to meet the spectral resolution requirements. 

As a consequence, the slit itself will be out of focus at 
the final spectral image plane, and the sky transmission 
curve as a function of off- axis angle will not have a sharp 
cutoff (see Figure [2]). Effectively, COS is a slitless spec- 
trograph. However, to minimize sky contribution and 
potential confusion with nearby point sources, an aper- 
ture is included at the minimum waist point in the HST 
OTA point spread function. The minimum waist point 
is not the same as the minimum encircled energy loca- 
tion, but rather the point at which 100% of the light is 
included in the minimum diameter. The diameter of the 
COS aperture is ^ 700 /im, which at the focal length of 
the HST OTA (57.6 m) corresponds to 2.5" in diameter. 
This slitless aspect of COS has implications for the ob- 
servation of diffuse sources, both in the etendue {A Q) 
of the instrument to diffuse emission, and to the spectral 
resolution and spatial resolution of COS in such an appli- 
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Fig. 2. — COS Primary Science Aperture (PSA) throughput ver- 
sus offset in arc seconds along the dispersion direction. This on- 
orbit throughput measurement is derived from a large collection of 
target acquisition scans. 

cation. These implications are discussed in Section 16.61 
Since the entrance aperture (effectively an out-of-focus 
field stop) is not at a location where the telescope forms 
a real image (due to the spherical aberration), the COS 
spectrograph does not image the entrance slit, but rather, 
forms an image of the sky at the spectral focal surface. 
(In a standard design where the entrance slit is located 
in a stigmatic real image plane, this distinction is irrele- 
vant.) This is important to remember, as objects outside 
the field of view of the aperture will pass light through 
the aperture due to the spherical aberration, but the light 
will be reimaged by COS at the appropriate sky location, 
not the centroid of the transmitted light in the aperture. 

It should be noted that the HST OTA, while excellent, 
is not perfect, and has aberration content due to figure 
errors other than spherical aberration as well as scattered 
light from surface imperfections and dust. These cause 
uncorrectable contributions to the HST PSF which re- 
sult in the COS slit passing slightly less than 100% of 
the original beam (approximately 98%) and slightly de- 
grading the final point spread function of the final imaged 
light. These effects on the line spread function and the 
spectral resolution of COS are discussed in Section [6731 

2.3. Eliminate all transmitting optics in the system 

Transmitting optics can introduce losses in the system, 
particularly at the shortest FUV wavelengths. Addition- 
ally, the dominant source of dark noise in the systems uti- 
lizing windowed detectors is frequently UV photons pro- 
duced in the windows through phosphorescence. This is 
true for the Multi- Anode MicroChannel Array (MAMA) 
detectors utilized by the COS NUV channels and the 
STIS FUV and NUV channels. By eliminating windows 
in the detector systems, the throughput is enhanced and 
the noise level is greatly reduced, resulting in large gains 
in signal to noise, particularly for the faintest targets 
with Fx < 1.0 X 10"^* erg cm^^ g-i A^^ at 1200 A. 

Since the COS FUV channel has no transmitting optics 
at any point in the system, the front surface reflectivity 
of the HST OTA and FUV gratings provides measurable 
performance in the 900-1150 A region (and very limited 
performance at even shorter wavelengths), a unique ca- 
pability on HST. Th i s perf ormance is presented in detail 
in McC andliss et al.l (|2010[ ). Becasue we could not be cer- 
tain that the HST OTA would provide any perfromance 
at these wavelengths, the design of aberration control 
holography did not consider these wavelengths, and the 
focal surface match of the detector is not maintained at 
the extreme grating positions that must be employed to 
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access these wavelengths. To have extended the design 
to these wavelengths would have necessitated reducing 
perfromance above 1150 A, and this seemed unwise given 
the possibihty that the OTA might provide no reflectivity 
at these wavelengths. Therefore, the spectral resolution 
becomes substantially degraded at in these sub- 11 50 A 
modes, to a level of approximately R = 2000. Efforts are 
ongoing to optimize the resolution and efficiency in the 
sub-1150 A modes. However, s ince the Far Ultr aviolet 
Spectroscopic Explorer (FUSE) (jMoos et al.ll2000D is no 
longer operational, COS provides the only spectroscopic 
access to these wavelengths at the moment. 

2.4. Utilize ion-etched holographic gratings to 
minimize scattered light while maximizing net 
efficiency 

The traditional trade-off between holographic gratings 
and mechanically ruled gratings is normally considered 
to be one of high groove efficiency (mechanical) vs. low 
scatter (holographic). However, proprietary techniques 
now exist that allow the introduction of a blazed groove 
profile on holographically ruled gratings. Physical mea- 
surements of a COS FUV grating groove profile are 
shown in Figure [31 This allows the simultaneous de- 
velopment of a high groove efficiency and low scatter 
grating. To achieve such a profile first requires the ex- 
posure of the holographic grating photoresist to a differ- 
ent depth than would be used for a sinusoidal grating, 
and then exposing the grating to an ion-ecth beam at 
multiple angles, each for a different exposure time. Not 
all combinations of line density and blaze angle can be 
reliably implemented. The parameter space in optical 
design (line density, incoming angle, outgoing angle) for 
which the appropriate blaze conditions can be physically 
implemented is constrained and not well defined except 
through simulations of the ion-etch process. To simulta- 
neously achieve the appropriate spectral dispersion and 
have a manufacturable blaze angle, strict constraints are 
imposed on the available optical design parameter space 
into which the spectrograph must conform, and even then 
it is necessary to iterate with the manufacturer to find 
a reliable solution. Multiple test gratings were produced 
to optimze the flight production units, and it required 
4-8 prototype runs to achieve optimal flight gratings. 

The use of a holographic grating also permits the in- 
troduction of aberration control in the recording process, 
allowing a single optic to maintain the performance over 
a significant bandpass. The actual design of the gratings 
is presented in Table [T] 

The FUV G140L grating, which has much lower dis- 
persion, was not ion-etched to create a triangular groove 
profile, but utilizes a laminar profile instead. While this 
produces acceptable performance, it is not as efficient 
as would be predicted with a triangular groove profile. 
Unfortunately, the level of ion-etching required to pro- 
duce a 1.4° blaze angle would remove so much mate- 
rial that we could not guarantee the figure quality of 
the grating would be preserved. After the production 
of the flight, laminar proflle gratings, a test grating was 
produced with 1.4° blaze angles in late 2001. However, 
it was never tested for figure quality, as the necessary 
-ffST-simulating, spherical aberration inducing optical 
feed system was needed at the end-to-end test level to 




Fig. 3. — Measured FUV grating surface profile, achieved through 
ion etching of the hologrpahic master. The Hne density is 3800 
grooves mm~^, and the blaze angle is approximately 14.3°. 

support the scheduled launch date of 2004. 

2.5. Utilize a large-format detector 

Essential to the observational efficiency of a spectro- 
scopic instrument like COS is the availability of a large 
observational bandpass. For IGM studies, the actual 
wavelength at which the absorbers will appear is not 
known before the observation is made; therefore, com- 
plete coverage across the entire 1150-1775 A bandpass 
in as few exposures as possible maximizes the net infor- 
mation gathering capability of the instrument in fixed ob- 
serving time. Traditionally, a large bandpass is achieved 
through the use of an echelle spectrograph, such as on 
STIS. However, echelle spectrographs require multiple 
gratings and optics, with the subsequent loss of through- 
put, and mechanically ruled echelle gratings often exhibit 
significant scatter. (It has currently not been demon- 
strated that high-angle triangular blaze profiles can be 
achieved through the ion-etching of holographic grat- 
ings.) Therefore, it was decided to utilize a sufficiently 
large detector to obtain at least one half of the total 
bandpass in a single exposure in first order. Fortunately, 
large microchannel plate detectors had recently been de- 
veloped for FUSE, and these served as the template for 
the COS detectors. The active area for the COS detec- 
tors is two segments, each 85 mm long x 10 mm high, 
curved to match the focal surface of the system, with a 9 
mm gap between the segments. The readout system for 
each segment is a cross delay line, resulting in the produc- 
tion of 16K X IK non-physical pixels, which do not arise 
from any physical boundaries, but from the digitization 
of a measured time interval. In this way, the COS detec- 
tors are very different from a classical CCD or IR focal 
plane array, or even the STIS MAMA detectors, whose 
pixel scale is established by a physical set of wires. For a 
much more complete discussion of the detector develop- 
ment and capabilities please see Val lerga et all (|200l . 

2.6. Utilize an opaque photocathode 

Windowed detectors often utilize semi-transparent 
photocathodes applied to the back side of the windows. 
However, higher detection quantum efficiencies (DQE) 
can normally be obtained by the use of opaque photo- 
cathodes, which in the case of COS, are applied directly 
to the surface of the microchannel plates. This has re- 
sulted in gain of up to four times the quantum efficiency 
for the photocathode compared to semi-transparent ap- 
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TABLE 1 

COS FUV SPECTROGRAPH DESIGN PARAMETERS 



Channel Name 


G130M 


G160M 


G140L 


HST Secondary Vertex/Slit (z) 


6414.4 mm 


6414.4 mm 


6414.4 mm 


Slit Off Axis 


90.49 mm 


90.49 mm 


90.49 mm 


Slit/Grating 


1652.57 mm 


1652.57 mm 


1652.57 mm 


a 


20.1° 


20.1° 


7.40745° 


P 


8.6466° 


8.6466° 


-4.04595° 


a- P 


11.4534° 


11.4534° 


11.4534° 


Grating/Detector 


1541.25 mm 


1541.25 mm 


1541.25 mm 


Detector Normal/Central Ray 


9.04664° 


9.04664° 


9.04664° 


Groove density (1/mm) 


3800. 


3093.3 


480. 


radius 


1652. mm 


1652. mm 


1613.87 mm 


a4 


1.45789E-9 


1.45789E-9 


1.33939E-9 


a6 


-4.85338E-15 


-4.85338E-15 


1.48854E-13 


7 


-71.0° 


-62.5° 


10.0° 


.5 


65.3512° 


38.5004° 


24.0722° 


rc 


-4813.92 mm 


-4363.6 mm 


3674.09 mm 


rd 


5238.29 mm 


4180.27 mm 


3305.19 mm 


recording A 


4880 A 


4880 A 


4880 A 



phcations. While the open-face design results in expo- 
sure of the photocathode to the environment of the spec- 
trograph, and subsequent degradation of the efficiency, 
current measurements indicate a loss of approximately 
5% per year from the photocathode, which is small com- 
pared to the significant gains realized through the opaque 
utilization. 

3. NUV DESIGN PHILOSOPHY 

The NUV channel was added to COS at the request of 
NASA immediately after its selection. It was intended 
to provide a backup capability to the full STIS NUV 
wavelength regime (1750-3200 A) without significantly 
increasing the overall cost or jeopardizing the perfor- 
mance of the FUV channels. Consistent with the low 
cost approach, an existing fiight qualified MAMA detec- 
tor left over from the STIS program was dictated as the 
detector to be utilized in the optical design. All of the 
photocathodes available for use in this regime are re- 
quired to be applied semi-transparently in a sealed tube 
for environmental protection, so that the FUV detectors 
and optical concept were not applicable to the NUV de- 
sign. The STIS MAMA has a 25 mm active area (diam- 
eter) compared to the 170 mm active area of the COS 
FUV detectors. STIS addressed this, utilizing an echelle 
design to get the full NUV coverage in a single expo- 
sure. This approach also includes all the fundamental 
limitations of an echelle design. It was decided that the 
COS design should not duplicate the STIS design, but 
rather optimize the performance along a different figure 
of merit emphasizing maximum sensitivity over a limited 
wavelength range. The figure of merit employed was for 
maximum sensitivity to a single absorption line that was 
narrower than the instrumental profile (15 km s~^), and 
using the dispersion necessary to match the FWHM of 
the point spread function with three MAMA pixels. Fur- 
ther, we required that the design be capable of observing 
the entire wavelength range in multiple exposures. In this 
way, scientific objectives requiring only limited bandpass 
coverage (study of specific interstellar lines, for exam- 
ple) could be implemented with higher sensitivity than 
in STIS, while science programs requiring the full wave- 
length coverage would presumably be better executed 



with the STIS echelle modes. However, in the event of a 
STIS failure, the COS NUV channels would provide full 
wavelength coverage backup. A schematic representation 
of the COS NUV channel is provided in Figure [TJ 

To keep the efficiency high and the scatter low, the 
NUV channel utilizes first-order holographic gratings. 
In first order, at i? = 20, 000 resolving power, the 25 
mm of detector provides only limited wavelength cov- 
erage. Therefore, the design required the introduction 
of a scanning mechanism to allow selection of any par- 
ticular wavelength region tuned to the observational re- 
quirements. Since the aberration control in a holographic 
design is a function of the optical geometry, this meant 
that an aberration-free dispersive system had to be em- 
ployed: a fiat grating with uniform, straight grooves op- 
erating in coUimated light. This imposed the require- 
ment that the beam be corrected for spherical aberra- 
tion and collimated prior to dispersion, and then re- 
imaged by a camera optic. Additionally, the longer wave- 
length of the NUV channel necessitated a larger disper- 
sion (in lines/mm) to accommodate the same resolving 
power, R = 20, 000. In COS, the NUV channel mirror 
1 (NCMl) corrects the spherical aberration, NCM2 re- 
coUimates the light, and the NCM3 mirrors re- image the 
light. In order to keep the optics a reasonable size, but 
maintain the throw lengths necessary to accomplish the 
desired dispersion, the effective beam speed of the sys- 
tem is changed from //24 to //88 by the NCM1/NCM2 
combination. The increases the effective focal length by 
the same ratio, creating an imaging plate scale at the 
spectral focal plane of 0.941"/mm or 0.023" per 25 fxm 
pixel. It was decided to intercept the diffracted light 
with three camera systems (single optic re-imagers) to 
maximize the total wavelength coverage in any single ex- 
posure. This results in three wavelength segments that 
are non-contiguous in wavelength in any single exposure. 
It is possible, with multiple exposures, to provide full, 
continuous wavelength coverage over the full bandpass 
of any particular mode. 

One of the locations on the NUV channel grating se- 
lection mechanism is occupied by a flat mirror, which re- 
sults in a broad-band NUV image forming at the MAMA 
surface. This channel is referred to a Target Acquisition 
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1 (TAl), and is primarily intended, as its name implies, 
for target acquisition purposes. However, it is available 
for science applications (see Section |63)) . 

4. THE OPTICAL DESIGN OF COS 

The FUV system includes two moderate resolution 
channels, G130M and G160M, centered on 130 and 160 
nm respectively. There is also a low dispersion chan- 
nel, G140L, centered at 140 nm. Because each the FUV 
channels incorporate a single optical element, the design 
of the FUV channel is simply the design of the gratings. 
The gratings have a spherical substrate, combined with 
polynomial deformations in the 4*'' and G*'' orders to con- 
trol the spherical aberration and approximate the inverse 
deviations of HST primary mirror from its designed hy- 
perbolic shape. The holography is created with two point 
sources, one a virtual source, and the nomenclature in 
the holographic recording geometry param eters follows 
the c onvention of Noda, Namioka, & Seya (|Noda et al.l 
[1971 . The elements listed in Table [D are defined below. 

The HST Secondary Vertex/Slit (z) is the distance 
from the vertex of the HST OTA secondary to the COS 
primary science aperture, projected onto the optical axis 
of HST (z). Slit Off Axis is the position of the aperture 
perpendicular to the HST optical axis. Slit/Grating is 
the distance from the aperture to the vertex of each grat- 
ing, a and /3 are the angles of the geometry as expressed 
in the standard grating equation: sin a -|- sin /3 = mX/d. 
The mount is in-plane and the ray along /3 strikes the 
center of the detector. Grating/Detector is the distance 
from the grating vertex to the dtector focal surface along 
a ray leaving the grating center at an angle /3 from the 
normal. Detector Normal/Central Ray is the tilt of the 
detctor relatrive to the primary ray along [3. " Radius" , 
a4 and a6 describe the surface of the grating as a sphere 
of radius "Radius" plus fourth-ordre (a4 r^) and sixth- 
order (a6 ) polynomial deviations from sphericity. 7, 
rc and 6, rd are the positions of the recording sources, 
measured in polar coordinates from the grating center 
and grating normal with the same sense as a and /3. 
Note that rc is negative for G130M and G160M, indicat- 
ing a virtual source on the opposite side of the grating 
as the optical surface. Recording A is the wavelength 
of the laser used for the holographic recording. These 
parameters, along with the known surface description of 
the HST OTA, and the radius of curvature of the detec- 
tor surface, 826 mm, allows a full ray-trace simulation of 
COS FUV channles. 

The optical layout of the COS FUV channels, at first 
glance, appears to be a Rowland circle. However, this is 
not the case. The slit-to-grating distance in a Rowland 
circle is R cos(a) and the grating-to-detector distance is 
i?cos(/3) where R is the diameter of the Rowland cir- 
cle. The use of holography to correct the astigmatism 
at more than one wavelength within the bandpass places 
tight constraints on the values of a and /3 that can be 
employed in the design. Angles a and /? are further con- 
strained in that a-l3 must fit within the physical dimen- 
sions available in the instrument, and the holographic 
recording sources must be located in a physical config- 
uration that will result in a high quality recording. All 
of these constraints combine to require that a > (3. In 
a classic Rowland mount, this requirement is not con- 
straining, and the slit-grating distance is less than the 



grating-to-detector distance. An example of such a de- 
sign is the Far Ultraviolet Spectroscopic Explorer optical 
design (|Green et al.lll994D . However, in HST, the slit lo- 
cation relative to the primary mirror is fixed, and such 
a design would place the detector inside the Hubble pri- 
mary mirror, and is clearly unacceptable. Therefore, as 
a starting point for the design, the two distances were 
swapped (effectively, the object and image distances were 
interchanged, which under the thin lens approximation 
does not alter the focal capability) and the resulting de- 
focus and aberrations were corrected with holography. 

The low- resolution FUV channel G140L presented a 
greater design challenge, as the beam angular deviation 
{a — (3) had to be preserved, so as to make the dispersed 
light reach the detector, but the dispersion had to be 
10% of the M mode dispersion. To achieve this, the grat- 
ing had to be tilted substantially, creating large defocus 
terms that had to be addressed by holographic correc- 
tion. It was not possible to achieve a solution that cor- 
rected the aberrations at two wavelengths in this geome- 
try, which explains the larger astigmatism in the G140L 
channel. The design parameters for the COS FUV spec- 
trograph are given in Table [TJ 

All channels of the NUV channels utilize the same opti- 
cal elements with the exception of the diffraction grating 
(or mirror, in the case of TAl). NCMl is the corrector 
and refocusing optic, NCM2 is the collimator optic, and 
NCM3a, b and c are the three camera optics. 

5. GROUND PERFORMANCE 

The stand-alone ground performance of the various 
components has been documented in the published lit- 
erature. For a discu ssion of the FUV gratings see 
lOsterman et al .' (2011a). For details of the NUV compo- 
nents, refer to [Ostcrman et al. (2011b). All components 
performed within specification except the NUV gratings. 

The NUV gratings, as originally designed, provided 
substantially lower net effective throughput than antic- 
ipated. These gratings are replicas of holographically 
ruled flats, with straight grooves, utilizing an optimized 
pseudo-sinusoidal groove depth to maximize the effi- 
ciency into first order. When tested after replication, 
with a platinum optical surface, they exhibited diffrac- 
tion efficiencies as predicted. However, after final optical 
coating with chromium (utilized as a diffusion barrier), 
aluminum and magnesium fluoride, all three medium- 
resolution (M) gratings performed well below specifica- 
tion. The G230L grating performed within specification. 
Intense analysis was performed to understand the cause 
of the performance shortfall. It was discovered that the 
application of the magnesium fluoride overcoat altered 
the wavelength of the photons at the aluminum sur- 
face such that the grating wa s operating at a diffraction 
anomaly (jLoewen et al.l[l977l ) causing one polarization to 
have very low efficiency into first order. It was decided to 
fly the G225M and G285M gratings with bare aluminum 
coatings. Bare aluminum exhibits acceptable reflectivity 
at the wavelength in these bandpasses, and the litera- 
ture indicated that after an initial loss of reflectivity due 
to oxidation, the reflectivity would stabilize. The reflec- 
tivity of bare aluminum in the bandpass of the G185M 
grating was considered unacceptable, and a MgF2 coated 
G225M (with subsequently lower line density) was substi- 
tuted for the G185M grating. This moved the diffraction 
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anomaly out of the bandpass and provided an accept- 
able level of total efficiency. However, this also resulted 
in a lower dispersion and spectral resolving power in the 
G185M channel, but at the time of this decision (2001) 
the imminent launch of SM4, then scheduled for 2004, 
precluded the redesign and fabrication of new gratings. 

Contrary to our expectations, the G225M and G285M 
gratings continued to exhibit losses in efficiency during 
the storage of COS before launch. It had been antici- 
pated that the efficiency loss would cease after 6 months 
to 1 year. Extensive testing of ruled witness samples 
ruled out contamination, metal diffusion, or groove pro- 
file relaxation as sources of the continued efficiency loss. 
Bare aluminum witness samples (mirrors, not gratings) 
did not exhibit reflectivity loss, even though they were 
stored with the flight gratings at all times, including in- 
side the instrument. It was flnally concluded that the 
most likely explanation was that the oxide layer in the 
aluminum continued to grow on the surface of the grat- 
ings, even though they had beenstored under a nitrogen 
purge at all times. This did not affect the reflectivity of 
the coating, but it did begin to create a dielectric coating 
on the gratings that partially reintroduced the efficiency 
anomaly seen with the MgF2 coating. Full solutions of 
Maxwell's equations on the time-dependent modeled sur- 
face of the gratings, developed by the vendor, were able 
to reproduce the magnitude, time-dependence and wave- 
length dependence of the efficiency losses in both grat- 
ings. Given the success of this model, it was predicted 
that the efficiency losses would stabilize after the gratings 
were installed into HST and exposed to the vacuum of 
space. While some residual atomic oxygen does remain 
at HST altitudes, at the very least, it was anticipated 
that the degradation would slow down. However, the 
efficiency losses continue at the same rate on orbit as 
observed on the ground during storage, 3. 3% per year 
for G 225M and 10.8% per year for G285M (|Osten et al.l 
1201 If ). At the time of this writing, we are at a loss to 
explain the data. However, given the limited utilization 
of these channels, the additional exposure time needed 
to restore the science lost due to the efficiency loss is less 
than five orbits/year. 

6. FLIGHT PERFORMANCE 

A description of the in itial on-orbit performa nce of 
COS has been presented in lOsterman et all (|2011al ). The 
flight performance of the COS instrument is continually 
updated in the COS Instrument Handbook, available on- 
line at the STScI website. The highlights of the perfor- 
mance are summarized here. 

6.1. FUV Throughput 

The throughput on the FUV channels is excellent and 
exceeds the performance predictions in the proposal by 
approximately a factor of two. This is the result of higher 
grating efficiencies than anticipated and higher detector 
detection quantum efficiency (DQE) than assumed in the 
proposal. The on-orbit effective area of COS is presented 
in Figure HI along with the effective area of STIS in its 
most comparable mode. 

6.2. Backgrounds (dark and scattered light) 



T 
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Fig. 4. — The measured, on-orbit effective area of the COS FUV 
channels as a function of wavelength. The nominal effective area 
for the STIS E140M channel is included for comparison. Slit trans- 
mission losses are not included for STIS. 

The on-orbit background for the FUV detector is ap- 
proximately '-^l co unt s~^ cm~^j cons istent with pre- 
launch predictions (jSahnow et al.l[2"010t ). The origin of 
this background is approximately ~0.5 counts s~^ cm~^ 
from internal radioactive decays in the microchannel 
plate glass, and ^0.5 counts s~^ cm~^ from incident 
particles that the detector electronics are unable to dis- 
criminate from real photon events. This results in ~ 0.8 
background counts/resolution element in a nominal 2000 
second (~1 orbit) observation. Being photon counting 
devices, the COS detectors have zero read noise. Except 
in the vicinity (within ±2 A) of a bright airglow line, the 
contribution from scattered light is even less than the 
dark background. This means that for brighter targets 
(Fa > 1.0 X 10"" erg cm'^ s'^ A"!) the FUV channels 
are signal limited and have an effective dark background 
of zero. For fainter targets, correction for background 
is necessary. However, the correction is much smaller 
than for previous 7757" spectrographs. This allows COS 
to reach reasonable signal to noise at unprecedented low 
flux levels. One of the goals stated in the proposal was to 
break through the 10~^^ flux level (10~^^ erg cm~^ s~^ 
A~^) which was considered the practical limit for obser- 
vations with the existing and planned HST instruments. 
COS has measured line fluxes with equivalent continuum 
fluxes of 1.0 X 10"^'' erg cm~^ s~^ A~^ (Froning ct aT] 
1201 If ) such as the black hole X-ray binary seen in Fig- 
ure [5] and in the intergalactic He II absorption troughs 
(Figure [12). Because of the extremely low background in 
the FUV channel, even fainter fluxes could be observed 
if the science justified the exposure times necessary to 
obtain the signal. 

The on-orbit background performance of the NUV 
MAMA is dominated by the phosphorescence of the 
detector window. Ground testing of the COS detec- 
tor, compared of the STIS flight detector, under simi- 
lar conditions (utilizing radioactive sources to stimulate 
the phosphorescence), indicated that the COS detector 
would have approximately 25% of the dark rate of the 
STIS detector. As the STIS NUV detector had a dark 
rate of 1200 counts s~^ (over the entire detector) before 
failure, it was anticipated that the COS MAMA would 
have ~ 300 counts s"^ dark rate on-orbit. To our sur- 
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Fig. 5. — The time-averaged COS FUV spectrum of the black 
hole X-ray binary A0620-00 is shown in black from observations 
acquired on 23 March 2010. The spectrum has been binned to 2 
resolution elements (15 pixels). The error bars shown in red are 
the statistical uncertainties from CALCOS propagated through the 
binning of the data points. Prominent emission features are labeled 
in blue (with airglow lines labeled with the circled plus signs) . The 
purple bars show mean continuum fluxes, with the horizontal bars 
indicating the range over which the mean was calculated and the 
vertical bars showing the uncertainty of the mean. 



700 
I 600 

I 500 
o 

" 400 
cB 

9 300 
rt 

H 200 
> 

i 100 





O 






700 










600 










L Rate of 


increase = 221 counts/sec/Yr 




gf] 


500 




^^^^ 






400 










300 


ho 








200 










100 


2009.5 


2010.0 2010.5 


2011.0 


201 1 .5 



Date (Yr) 

Fig. 6. — On-orbit COS NUV detector dark rate shown for the 
entire detector. A linear fit to the dark rate indicates a current 



rate of increase of 221 counts s ^ 



prise, immediately after turn on, the comit rate was only 
60 counts . However, that has been steadily rising 
on-orbit and is now close to 300 counts s~^. The STIS 
NUV MAMA, on the other hand, had a significantly en- 
hanced background after repair, which has been steadily 
decreasing since re-commissioning. The rates are dis- 
played in Figure p Fo r a more detailed discussion, see 
IPenton k Kevei ([20T0I ). 

6.3. Spectral Resolution 

The spectral resolving power of COS was originally 
designed to be i? > 20, 000 at all warformance is be- 
low this level. In the G185M (NUV) channel, the sub- 
stitution of a lower density grating has resulted in the 
resolving power ranging from 16,000-22,000 across the 
bandpass, with the lowest resolving power at the short- 
est wavelengths. This reduction in spectral resolution 
was accepted as preferable to the significantly reduced 
throughput that would have resulted from using the orig- 
inal gratings. The resolving power of the NUV channels 
on orbit is presented in Figure [71 and is consistent with 
pre-launch expectations. The mid-frequency wavefront 
errors (MWFE) present in the Hubble primary and sec- 
ondar mirrors which degrade the resolution in the FUV 
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Fig. 7. — NUV spectral resolving power {R = A/AA) vs. wave- 
length as measured on-orbit. 



(see below) modes is present in the NUV modes, but at a 
reduced level which does not reduce the resolving power 
below specification. 

The FUV channels have lower resolving power on or- 
bit than measured in thermal vacuum testing, due to 
limitations of the HST primary and secondary mirrors. 
Figure errors, primarily in the mid-frequency regime, re- 
sult in some power moving from the core to the wings of 
any HST image. This effect is greater at shorter wave- 
lengths and is seen in all HST instruments. It manifests 
as wings in optical images (at a significantly reduced level 
due to the longer wavelengths involved) , and in the spec- 
trographs when sufficiently wide entrance slits are em- 
ployed. For example, this same effect is seen in STIS 
line profiles when the 2" slit is employed. The convo- 
lution of these aberrations with the COS FUV grating 
and FUV detector responses, results in a line profile that 
is broader than a pure Gaussian with a FWHM equat- 
ing to 1 part in 20,000 of the wavelength. Additionally, 
the depth of an absorption line is less from the true line 
spread function than it would be if the COS LSF was a 
pure Ga ussian. For tunately, the HST OTA performance 
models (|Kristlll995[ ). when convolved with the COS line 
spread function, as measured in ground testing, mat ches 
the on-orbit profile very well (jGhavamian et aLll2009f) . In 
practice, this means that as long as profile fitting is done 
with the appropriate on-orbit profiles, highly accurate 
parameters for the absorbing and/or emitting material 
can be derived. Except for weak, narrow lines, the abil- 
ity to constrain the physical parameters (as compared to 
the ideal line profile capabilities) is limited by the signal 
to noise of the observation and not the degraded spectral 
resolving power. 

As noted, this effect reduces the sensitivity of the in- 
strument to detect we a,k (< 10 mA), narro w features for 
a fixed signal to noise (jKeenev et al.ll20l"TI ). It should be 
noted that for strong lines, or lines significantly broader 
than the instrumental profile (greater than ~50 km s~^), 
this phenomenon has virtually no effect on the ability to 
extract information from the spectrum at any signal-to- 
noise level. Although the minimum detectable equiva- 
lent width, at a fixed signal to noise, is reduced from this 
effect (compared to pre-launch predictions), the greatly 
increased signal to noise in COS spectra more than makes 




Fig. 8. — FUV spectral resloving power (i? = A/AA) vs. wave- 
length as measured on orbit. 

up for this shortcoming, making COS vastly more sensi- 
tive to detecting weak features against a faint continuum, 
in a fixed exposure time, when compared to STIS. 

Defining the spectral resolution (AA) of COS as the 
FWHM of the instrumental profile (in physical coordi- 
nates) multiplied by the dispersion of the instrument 
yields a resolving power for COS (A/AA) of 16,000 - 
22,000 in the FUV channels, with the highest resolving 
power at the longest wavelengths in each channel. The 
resolving power increases primarily because A increases, 
but also because the LSF improves at longer wavelengths 
(see Figure El). Fo r a detailed discussion of this issue, re- 
fer to lfcisIlpTl . 

It was not originally anticipated that breakthrough 
science would result from COS observations due to an 
increase in resolving power, since spectrographs with 
significantly higher resolving power have been (GHRS), 
and continue to be available (STIS). However, the lim- 
ited sensitivity of these instruments meant that many 
classes of astrophysical targets could only be observed 
with their low-dispersion modes. Subsequent observa- 
tions with COS have, in fact, greatly increased the spec- 
tral resolution of the data on these targets, resulting in 
exciting new science. As an example, in Figure [14] we 
show the spectrum of the classical T Tauri star AA Tau 
taken in 9900 s of COS observing time, and the previ- 
ously best high signal-to-noise spectral data on this ob- 
ject, an ACS prism spectrum with a 10,900 s exposure. 
Clearly the ability to understand the physical processes 
in the target is greatly enhanced with the COS data, 
through its greatly improved spectral resolution and sig- 
nal to noise. 

6.4. Spatial Resolution 

Even though the design of COS FUV channel retains 
residual astigmatism in order to optimize the spectral 
resolution with a single optic, spatial imaging at the ap- 
proximately 1" level remains. Two point sources, sepa- 
rated by 1" in the cross dispersion direction, will present 
completely separated spectra in the FUV channel. At the 
time of this writing, this capability has not been utilized 
on any observations that are beyond their proprietary 
period. However, recently executed observations of the 
inner ring of SN1987A (HST ID 12241, PI - R. Kirshner) 
should be able to utilize this capability to great scientific 
benefit. 



Fig. 9. — TAl image of Pluto and Charon taken for target acqui- 
sition. The angular separation of the objects is 0.8". The exposure 
time is 30 s. 

It should be noted that the calculation of the y-position 
(cross dispersion axis) by the detectors is done indepen- 
dently of the x-position, and that this calculation should 
be corrected by the gain of each photon event (the pulse 
height) to obtain the most accurate cross dispersion po- 
sition and best imaging performance. This y-position 
dependence on gain is referred to as y-walk and has only 
recently been well quantified (Penton et al. 2012, in 
preparation). This should soon be implemented in the 
COS pipeline, as even for point sources, the geometric 
correction of the detector involves both the x and y po- 
sitions, and the flat-field corrections are improved if this 
effect is properly accounted for. 

In the NUV channel, the image is fully corrected by the 
use of multiple optics. Therefore, the imaging capabili- 
ties are defined solely by the inherent aberrations of the 
correcting and camera mirrors, and the detector resolu- 
tion, which is the dominant effect. The cross dispersion 
resolution of NUV spectra is approximately 0.1". 

6.5. TAl imaging capabilities 

When a flat mirror is placed into the optical path of 
the NUV channel instead of a diffraction grating, the re- 
sulting mode is referred to as Target Acquisition 1 mode 
(TAl). This results in a highly sensitive imaging mode 
with high angular resolution and a very limited field 
of view. In Figure [9] we show the image of Pluto and 
Charon, obtained in a 60 second exposure during target 
acquisition. The separation of the two objects at the 
time of this exposure was 0.8". 

6.6. Observing diffuse emission 

The 2.5" diameter aperture of COS makes the observa- 
tion of diffuse objects highly sensitive but with degraded 
spectral resolution. Because the COS aperture rests at 
a point that is out of focus, the actual sky acceptance of 
the aperture does not have a sharp edge, and light from 
regions outside the nominal angular size of the COS aper- 
ture is accepted, while regions within the aperture, but 
near the edge, are vignetted. Please refer to Figure [2j 
Full illumination of the aperture reduces the resolving 
power of the M modes to about 1500. The etendue (AO) 
of COS at 1200 A is approximately 3 x 10~^ cm^ sr. 
As an example of the ability of COS to observe diffuse 
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Fig. 10. — COS spectra of the diffuse oxygen-rich super- 
nova remnantN132D in the Large Magellanic Cloud adapted 
from [France et al. (2009). The COS data are shown in black v^ith 
representative error bars in red. Shock-excited oxygen and silicon 
ions are labeled. The previous deepest UV spectrum from FOS is 
shown overplotted in brown. The COS data have been smoothed 
to three resolution elements for display, and the FOS spectrum has 
been smoothed by three pixels. The spectral resolution is reduced 
for extended source observations {Av ^ 200 km s"-*^ with the FUV 
M-modes), although COS provides large gains for low-resolution 
observations of faint, diffuse targets. 

emission, in Figure l6^ we show the early release observa- 
tions of the oxygen-rich LMC supernova remnant N132D 
(France et al. 2009), along with the previously best spec- 
trum obtained wi th the HST Faint Object Spectrograph 
(jBlair et al.ll2000[ ). 

6.7. Sensitivity 

COS was designed to maximize the sensitivity of HST 
with respect to UV spectroscopy. While comparisons 
of instrument efficiency and effective area are informa- 
tive, in the end it is observing time required to achieve 
a particular signal to noise that must be considered the 
most direct comparison. A full signal-to-noise calcula- 
tion includes not only the collecting power of the instru- 
ment, but also the corrections to the final signal to noise 
from dark backgrounds and scattered light. For purposes 
of comparison to STIS, the times to achieve a particu- 
lar signal to noise in the COS G130M mode at 1200 A 
and at 1600 A are compared to that needed to obtain 
a comparable signal to noise in the STIS E140M mode 
at the same wavelengths. The advantages of COS are 
greater at the shortest wavelengths, as STIS scattered 
light performance and slit transmissions affect the final 
signal to noise most powerfully at the shortest wave- 
lengths, while the COS noise performance is relatively 
wavelength independent. These comparisons also depend 
upon the nature of the spectrum observed. For example, 
pure emission-line sources are less dependent upon cor- 
rection for scattered light than observations of continuum 
sources. In the comparisons below, the source is assumed 
to be a flat continuum (in Fa). Since the STIS E140M 
mode has higher spectral resolution {R = 42,000) than 
the G130M mode, the comparison is also made at a S/N 
reduced by ^2 for STIS E140M, to reflect the ability to 
bin the higher resolution STIS data to have comparable 
resolution to COS. It should also be noted that STIS 
E140M has a bandpass approximately twice the G130M 
bandpass, so that if observation of the entire 1150-1750 



A region is required, the COS net advantage needs to be 
reduced by approximately a factor of 2. (All "time-to- 
signal-to-noise" calculations were made using the Space 
Telescope Cycle 19 Exposure Time Calculator, with the 
STIS E140M 6" X 0.2" slit, and default sky values.) 

While COS has a 10-20 times advantage in effective 
area compared to STIS echelle modes, its greatly reduced 
scattered-light levels and low backgrounds magnify its 
advantages at low flux levels, as can be seen in Table [2j 
The original design goal of improving time to signal to 
noise by a factor of 10 has been substantially exceeded. 
At the lower flux levels, S/N is dominated by corrections 
for noise rather than just by signal. The low scatter and 
low background of COS are just as crucial for the data 
quality as the enhancements to the collecting power. 

COS has broken through the F\ = 1 x 10~^^ erg cm~^ 
s-i A~i flux barrier, reducing observing time for fainter 
systems by a factor of 100 or more, and making practical 
the systematic observation of hundreds of QSOs . Many 
Galactic targets of great interest also have flux levels at 
or below this level. It is this enormous enhancement in 
observing power that has allowed COS to make revolu- 
tionary observations of faint systems, both extragalactic 
and Galactic. Some of these observations are highlighted 
in the next section. 

7. SCIENCE HIGHLIGHTS FROM COS 
GUARANTEED TIME OBSERVATIONS 

7.1. COS High Signal-to- Noise IGM Observations 

At low redshift ^90% of the normal baryonic matter 
probably resides in the regions between galaxies with 
only ^10% found in luniinous objects (stars and galax- 
ies) (jFukugita fc Peebles! [200l . The cooler 30% of the 
baryons with T (1 — 4) x 1 0^ K have been trac ed by 
the Lyg fo rest fPcnton et all 120041 iLehner et all 120071 : 
iDanforth fc ShuU 2008) and some of the O VI lines 
( Tripp et al.ll2008HThom fc ChenI l2Q08l ) . The warmer 
20 to 30% of the baryons with T ft! (1 - 10) x 10^ K 
have been traced by broad Lyg (iRichter et all 120061 : 
ILehner ct aE 2007; Danforth et al. 2010), O vf absorp- 
tion dDanforth & ShuU 2008,; T r ipR c t al..l2008D and Ne 
VIII absorption (jSavage et al.n2005l : iNaravanan et alJ 
l2009h . The remaining ~40% of the baryons probably 
reside in hotter gas with T > 10^ K. The hot baryons 
can be studied at X-ray wavelengths through searches 
for O VII and O VIII and other X-ray absorption lines. 
At UV wavelengths, warm and hot baryons can be stud- 
ied via redshifted absorption lines of Ne VIII, Mg X, Si 
XII, and O VI and by broad H I Lya (BLA) absorption. 

COS provides a major new facility for studies of the 
low redshift IGM. Although COS has a spectral resolu- 
tion lower than the E140M mode on the STIS, COS is 
^15 times more efficient in collecting photons, making it 
possible to obtain relatively high S/N spectra of bright 
QSOs for IGM absorption line studies. The search for 
Ne VIII and/or BLA absorption associated with O VI 
absorption is greatly facilitated when the absorption line 
spectra have S/N 30 to 40. 

The importance of the higher S/N spectra obtained 
by COS has been demonstrated through the detection 
of Ne VIII (AA770, 780) absorption in an intervening 
multi-phase absorption system containing O VI at z 
= 0.495096 towards PKS 0405-123 (zem = 0.5726) by 
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TABLE 2 

Results from Exposure Time Calculator for COS and STIS 
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iNaravanan et all (|2010D . The detected Ne VIII directly 
points to high temperature gas since Ne VIII is very dif- 
ficult to produce by photoionization by the general ex- 
tragalactic EUV radiation background. Therefore, the 
Ne VIII and associated O VI likely arise in collisionally 
ionized gas at T « 5 x 10^ K with a large baryonic column 
density of log Nh ~ 19 — 20. The multiphase absorber 
either traces the gas in the hot halo of a low luminosity 
ga laxy with an impact param eter of 110 h^Q kpc detected 
bv lChen fc MulchaevI (120091) or in a warm IGM structure 
connecting to the galaxy. 

In another example, iSavage et al.l ()2011|) have reported 
the detection of BLA and strong O VI absorption in a 
multi-phase absorption system a,t z — 0.22601 toward 
HE 0153-4520 (zem = 0.450). In this system, a BLA 
with 6hi = MOtl^km s'^ and logA^m = 13.70tg°^ 
shown in Figure [11] is likely associated with the O VI 
having 6 = 37 ± 1 km s"^ and logiVovi = 14.21 ± 0.02. 
The O VI and BLA measurements imply the direct de- 
tection of a trace amount of thermally broadened H I 
in hot gas with logT = 6-07^0% [0/H] = -0.28lg;°^, 
and log A'h — 20.411;q ij^. The observation illustrates the 
power of COS to detect and study gas in the low redshift 
IGM with logT w 6 and a very large total column den- 
sity of hydrogen. The observed reference to H I via the 
BLA is crucial for determining the temperature, metal- 
licity and total baryonic content of the absorber. 

Additional examples of the power of high S /N IGM ob- 
servations with COS include the detection of an H I-free 
broad O VI absorbe r at z = 0.1670 toward PKS 0405-124 
(jSavage et al.l[20Toh revealing hot gas associated with a 
pair of galaxies and the BLA and O VI absorber trac- 
ing a galaxy filament at z = 0.01025 toward Mrk 290, 
where logT » 5.14, log iVH ~ 19.6, and [0/H] « -1.7 
(jNaravanan et al.ll20Tol ). 

7.2. The He II Reionization Epoch 

Determining when and how the universe was ionized 
has been an important question in cosmo l ogy for decade s 
(|Gunn fc PetersonllTgea iFan et al.ll2006t IMeiksinll2Q09l) . 
The epoch of reionization in hydrogen is a probe of the 
transition from neutral to ionized hydrogen in the in- 
tergalactic medium (IGM) that occurred between red- 
shifts z = 7-12, marking the exit from the cosmic "dark 
ages" . Helium underwen t similar reionization from He II 
to He III at z = 2 8±0.2 (|Reimers et al.lll997l:lKriss et al.l 
[200lt iShuU et al.|[200l . likely mediated by the harder 
{E > 54.4 eV) radiation from quasars and other active 
galactic nuclei (AGN). With a 4 ryd ionization poten- 



tial, He+ is harder to ionize than H °, and He''^^ and re - 
combines 5-6 times faster than H+ (jFardal et al.lll99"8l) . 
For these reasons, and the fact that most hot stars lack 
strong 4 ryd continua, AGN are likely to be the primary 
agents of He II reionization. Owing to its resilience. 
He"*" is much more abundant than H*^, with predicted 
column-density ratios r? = N(He II)/N(H I) ^ 50-100 

(|Miralda-Escude et al.|[l99llFardal et al.lll998D. 

HST/COS obtained UV spectra (IShuU et al.l IMol) 
of the bright {V = 16) high-redshift (zom « 2.9) 
quasar, HE 2347-4342, using both the G130M (medium- 
resolution, 1135-1440 A) and G140L (low-resolution, 
1030-2000 A) gratings. The spectra exhibit patchy 
absorption in the Lya line of He II A303.78 (Figure 
[T2ll between z = 2.39-2.87 (G140L) and z = 2.74- 
2.90 (G130M). COS provides better spectral resolution, 
higher-S/N, and much better determined backgrounds 
than previous studies, with sensitivity to abundance frac- 
tions xhoII ~ 0.01 in low-density filaments of the cos- 
mic web. The COS spectra provide clear evidence that 
the epoch of He II reionization is delayed below z = 3, 
with intervals of patchy He II flux-transmission, punctu- 
ated by three long (5-10 A) troughs of strong He II ab- 
sorption. These troughs, spanning 25-60 Mpc of proper 
distance between z =2.751-2.807, z = 2.823-2.860, and 
z = 2.868-2.892, probably arise from filaments in the 



baryon distribution and the scarcity of any strong pho- 
toionizing source (AGN) within 30-50 Mp c. They are 
uncharacteristic (jFurlanetto fc Dixonll2010f ) of the IGM 
if He II was reionized at z « 3, and they suggest that 
the epoch of He II reionization extends to z < 2.7. A 
comparison of He II and H I absorption in Lya shows 
optical-depth fluctuations in the He II/H I ratio on scales 
Az « 0.003-0.01. Corresponding to 4-10 Mpc in comov- 
ing distance, these fluctuations likely arise from AGN 
source variations (1-4 ryd spectral indices) and IGM ra- 
diative transfer effects. Probes of the He II abundance 
fraction, xudi > (10~^)(0.1/(5hc)('''HgIi/5), at redshifts 
z = 2.7 — 3.0 are now possible at optical depths thoII > 5 
in low-density regions (over-densities Sue ~ 0.1). The 
He II absorption is 50-100 times more sensitive to trace 
abundances than H I at z = 6, where a neutral fraction 
a^Hi — lO"'* saturates the Lya absorption. 

7.3. Galactic High-Velocity Clouds 

Absorption spectra in the UV provide sensitive diag- 
nostics of conditions in the halo of the Milky Way, where 
competing process of accretion and outflow determine 
the evolution of the Galaxy. Recent HST spectra pro- 
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Fig. 11. — Simultaneous two-component Voigt profile fits to the 
COS observations of H I Lyman series (1216 to 926 A) absorption 
at z = 0.22601 in the spectrum of the QSO HE 0153-4110 from 
ISavage et al.l l|2011l 'l. The H I column density in the narrow H I 
component was determined to be log N(H I) = 16.61^g'j^ from 
the Lyman Limit break in the FUSE observations of HE 0153- 
4520. The broad wings on Lya require the presence of a BLA with 
log N(H I) = 140t}g km s"! and log N (H I) = 13.70l°;°g. The 
BLA is associated with the presence of strong O VI absorption in 
the multi-phase absorption system with log N(0 VI) = 14.21 ±0.02 
and b(0 VI) = 37 ± 1 km s~^ and implies the direct detection of 
hot gas in the IGM with log T = 6.07t°o°i2^ [O/H] = -0.28lg:°g 
and log N(H) = 20.4llJ5; ji^. 
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Fig. 12.— COS/G130M data (ShuU et al. 2010) showing He II 
absorption troughs and fiux transmission windows at redshifts z < 
2.9. The proposed QSO systemic redshifts {^qso = 2.885 and 
2.904) and extrapolated AGN continuum are marked. Interstellar 
lines of N I, Si II, Si III appear longward of 1190 A, and strong 
He II absorption is seen shortward of 1186.26 A, with windows of 
flux transmission near 1183, 1174, 1160, and 1139 A. Inexplicably, 
no QSO-proximity effect is seen in flux transmission near z = 2.86— 
2.90. Transmission recovers at A < 1100 A, shortward of three 
troughs of strong He II absorption (tUcII > 5) that span very 
large redshift intervals (and comoving radial distances) between 
z = 2.751-2.807 (61 Mpc), z = 2.823-2.860 (39 Mpc), and z = 
2.868-2.892 (25 Mpc). 

vide considerable insight into the infah of low-metahicity 
gas onto the disk, an ongoing process that can account 
for the observed stellar metallicit ies, star formati on rates, 
and mass-metallicity relations (P agel et alJll994 ) . A pre- 
vious HST/STIS survey of Galactic high- velocity clouds 
(HVCs) in the sensitive UV absorption line of Si III 
A1206.50 A (jShull et al.l I2009D suggested that the low 
Galactic halo is enveloped by a sheath of ionized, low- 
metallicity gas. This gas reservoir can provide a sub- 
stantial cooling inflow (~ 1 Mq yr~^) to help replenish 
star formation i n the Galactic disk, recently estimated at 
2-4 M p, yr-i ()Diehl et al.l [2006t iRobitaille fc WhitnevI 
l2010f ). Galactic disk formation is believed to occur by 
the gradual accretion of pristine or partially processed 
material into the interstellar medium. The metallicity of 
the initial reservoir of gas is enriched by ejecta from star 
formation, mixed with infalling low-r netallicity gas, pos- 
sibly through "cold-mod e accretion" (jPekel fc BirnboimI 
120061 : iKeres et"al] I2OO90 . This process continues to the 
present day, regulated in a manner that produces the lo- 
cal G-dwarf metallicity distribution and avoids the over- 
production of metal-poor disk stars. The infall of gas 
from the intergalactic medium and Galactic halo also 
places a chemica l imprint on mass-metallicity relations 
(|Erb et al.l[200l . 

COS recently obtained high-qual ity UV spectra of 
HVCs in Com plex M (Yao ct al. and Complex 

C (IShull et all [2011 . The wide spectral coverage and 
higher S/N, compared to pre-SM4 HST spectra, pro- 
vide better velocity definition of the HVC absorption, 
additional ionization species, and improved abundances 
in halo gas. Complex M abundances are high, be- 
tween 0.85-3.5 Zq, suggesting that it consists of re- 
turning Galactic fountain gas. In contrast. Com plex C 
has a low metallicity (0.1-0.3 Zq; iCollins et all (jlOOT)) 
and a wide range of ion states that suggest dynamical 
and thermal interactions with hot gas in the Galactic 
halo. COS studied 4 AGN sight lines (Figure [TS]) to- 
ward Mrk 817, Mrk 290, Mrk 876, and PC 1259+593. 
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Fig. 13. — Lo cations of four AGN targets studied by COS 
llShuii et aLI I201in overlaid on contour map of 21-crn emission from 
the Leiden- Argentine-Bonn (LAB) survey ( Kalberla ct aL 2005) 
with ~ 0.6° angular resolution on a 0.5° grid in £ and b. Emission 
is shown over Galactic coordinates £ = 75 — 125° and = 35 — 60° 
and Complex-C velocities between —210 and —95 km s~^. At the 
10 kpc distance of Complex C, 1 degree corresponds to 175 pc. 

Spectra in the COS medium-resolution G130M (1133- 
1468 A) and G160M (1383-1796 A) gratings detect UV 
absorption hues from 8 elements in low ionization stages 
(O I, N I, C II, S II, Si II, Al II, Fe II, P II) and 
3 elements in intermediate and high-ionization states 
(Si III, Si IV, C IV, N V). The HVCs exhibit a range 
of H I and O VI column densities, logA'^ni — 19.39- 
20.05 and logiVovi = 13.58-14.10, with substantial 
amounts of kinematically associated photoionized gas. 
The high-ion abundance ratios are consistent with mod- 
els of cooling interfaces between photoionized and col- 
lisionally ionized gas: N(C IV)/N(0 VI) « 0.3-0.5, 
N(Si IV)/N(0 VI) « 0.05-0.11, N(N V)/N(0 VI) « 0.07- 
0.13, and N(Si IV)/N(Si III) « 0.2. The thermal pressure 
of the hot Galactic halo, Ptaio/k ~ 10-20 cm^-^ K, is com- 
parable to the ram pressure on the HVCs. As the HVCs 
encounter higher densities in the stratified lower halo, 
they may be dissipated by interface instabilities, feeding 
the Galactic halo rather than replenishing the reservoir 
of star formation in the disk. Individual clumps of Com- 
plex C (Figure I13p appear to be near virial equilibrium 
with pressure confinement. Their masses (> 10^ Mq) are 
probably above the threshold for survival against inter- 
face instabilities (Heitsch & Putman 2009). 

7.4. New Molecular Tracers for Protoplanetary Disk 

Studies 

The combination of high-sensitivity, low instrumental 
backgrounds, and moderate spectral resolution afforded 
by COS has provided a new window onto the physical and 
chemical state of protoplanetary disks. Previously, only 
a small sample of the nearest young (age < 10 Myr) low- 
mass circumstellar disk targets were brig ht enough for 
moderate resolution FUV spectroscopy (Hercze g et al.l 
12006 ) . The most extensive surveys UV were carried out 
with the G140L mode of STIS and the spectroscopic 
modes on ACS (e.g. the PR130L mode, llnglebv et al.l 
|2009)). The large instrumental background and very 
low dispersion of these data severely limits their util- 
ity for measurments of line identifications, fluxes, and 



widths. We are in the process of assembling a large sam- 
ple (> 30) of protoplanetary disks systems by combin- 
ing the GTO targets with several GO programs. This 
work is shedding new light on the molecular composition 
and physical characteristics of the planet-forming regions 
(a < 5 AU) in these systems. 

Photo-excited molecular hydrogen (H2) emission has 
long been recognized a s an important probe of proto- 
plane tary disk surfaces (|Brown et al.lll98it iValenti et al.l 
I2000f ). however low- resolution and/or high instrumental 
backgrounds have prevented a detailed a nalysis of this 
emission in all but the brighte st sources (jHerczeg et al.l 
[200I [200I [Walter et al.l[200l . With COS, we are not 
only acquiring high signal-to-noise, velocity-resolved pro- 
files of tens to hundreds of H2 emission lines in every 
gas-rich disk observed (Yang et al. 2011), we have begun 
to push these studies into th e regime of protopla netary 
disks orbiting brown dwarfs (jFrance et al.l[2010af ). The 
ability to separate line and continuum features at very 
faint fiux levels (Fx < 2 x 10~^^ erg cm~^ s~^ A~^) has 
enabled the first detailed study of Ho excited by non- 
thermal electrons (jFrance et al.ll2011al) in a protoplane- 
tary environment. 

Perhaps the most intriguing discovery in the COS cir- 
cumstellar disk program is the detection and characteri- 
zation of carbon monoxide (C O) in FUV spectra of low- 
mass protoplanetary systems. [France et al.l (|2011bO pre- 
sented the first spectrally resolved detections of emis- 
sion and absorption of lines of CO in these environ- 
ments. This work showed that CO can account for a 
significant fraction of the "1600 A bump" previously 
thought to be H2 emission that has been suggested as 
a potential measure of the mass surface density of pro- 
toplanetar y disks . Init ial modeling results (Figure UM 
iSchindhelm et al.| (|2011[ )) indicate that the photo-excited 
CO population in these disks may be spatially distinct 
from the well-studied M-ban d CO fundamental emission 
(see e.g., (jNaiita et al.ll2007l )). suggesting a stratification 
of the molecular structure in low-mass protoplanetary 
disks not predicted by existing models. 

7.5. Interstellar Observations of Translucent Clouds 

The high sensitivity and low background of COS has al- 
lowed for the observation through heavily reddened sight- 
lines. Five stars have been observed, with Ay ranging 
from 2.7-7.6. Such a high-extinction sightline may be 
simply a long sightline thro ugh low-den s ity cl ouds, as 
in Cyg 0B2 8A (Ay = 4.83: ISnow etHI (l20Tol) V which 
shows atomic depletions and molecular content consis- 
tent with the diffuse interstellar medium, or may sam- 
ple translucent clouds, which represent a change in pho- 
tochemical regimes due to higher densities and heavy 
shielding f rom the photodiss ociating interstellar radia- 
tion field ([Sheffer et al.|[2008l ). In the latter case, carbon 
monoxide ( CO) becomes t he do minant form of gas-phase 
carbon, and lBurgh et al.l (|2007[ ) showed that the CO/H2 
ratio provides a good indicator of the presence of translu- 
cent material. 

One sightline in particular may have even probed dense 
cloud material, an unprecedented look at a regime for- 
merly only accessible to infrared or longer wavelengths. 
NGC 2024-1 (Ay = 7.6) exhibits a CH column density 
indicating a molecular fraction near unity and some of 
the strongest UV CO absorptions ever observed (Snow 
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Fig. 14.— Top: The AC S PR130L spectrum of the T Tauri 
star AA Tau Ijlnglebv et al.i 2009) (exposure time: 10,900 s) and 
the COS spectrum convolved through the ACS prism line spread 
function. Middle; The COS spectrum of AA Tau (exposure time: 
9900 s) over the same bandpass. Bottom: An expanded view of 
the COS spectrum of another T Tauri star, DF Tau, including a 
model fit for CO emission. 

et al., in preparation). The inferred CO/H2 ratio is near 
10~^, indicating tliat nearly all the carbon along the line 
of sight is in CO. In conjunction with UV absorption 
spectroscopy taken previously, COS allows us to probe 
the transition region between the diffuse and the dark 
clouds in a consistent manner. 

7.6. Star Forming Regions 

The star-formation rate densities in starburst galax- 
ies can exceed the values found in normal galaxies by 
orders of magnitude. The ionizing radiation from the 
newly formed young stars can lead to prominent Lya 
emission due to recombination of hydrogen in the am- 
bient interstellar medium. The Lya line has become 
be an important spectral signature in young galaxies at 
high redshift since the Lya luminosity amounts to a few 
percent of the total galax y luminosi ty concentrated in 
a small wavelength bin ( Stiavelli et al . 2004). However, 
the assumption of Lya being a pure recombination line 
in a gaseous medium is too simple. Resonant scattering 
by atomic hydrogen significantly increases the likelihood 
of Lya destruction by dust, leading to much lower line 
strengths (,Ncufcld .1990; .Chariot fc FalL1993. ). Equally 



important, the kinematic properties of the interstellar 
medium may very well b e the dominant escape or trap- 
ping mechanism for Lya ()Mas-Hesse et al.ll2003D . 

The theoretical situation is sufficiently complex that 
observational tests are called fo r. Wh i le a l arge body 
of data exists at high-z (Hav es et al.l (|201Cll ). and ref- 
erences therein), there are few (if any) Lya surveys of 
starburst galaxies at low-z. Such surveys are motivated 
by the claim o f a trend of increasing L ya escape fraction 
with redshift (i Deharveng et all 120081 ). Moreover, spec- 
troscopy of local Lya emitters can be complemented by 
high-resolution imagery, thus providing additional con- 
straints not available at high redshift. Previous genera- 
tions of UV spectrographs were quickly pushed beyond 
their limits when observing suitable candidate galaxies; 
in order to be able to observe Lya intrinsic to the galaxy, 
the redshifts should be high enough to avoid Galactic 
foreground Lya absorption, which at the same time im- 
plies large distances and faint flux levels in the UV. 

The vastly superior sensitivity has finally enabled ob- 
servations of local starburst galaxies at large enough red- 
shift and in statistically meaningful numbers to study 
their Lya properties. We selected a sampl e of 20 star- 
form ing galaxies from the KISS database (jSalzer et al.l 
I2OOQ) . These galaxies form a homogeneous set selected 
via their Ha emission, with a wide range of oxygen abun- 
dances, dust reddening, and luminosities. 

In Figure [15] we show COS G130M spectra obtained 
for two of the program galaxies. The plethora of spec- 
tral features can be grouped into broad stellar-wind lines 
(e.g., N .V A1240), numerous weak stellar photospheric 
absorptions, narrow interstel lar lines (e.g., C II A 1335), 
and the complex Lya feature (jLeitherer et al.|[2011[ ) . Lya 
can be a pure, damped profile, an emission line associ- 
ated with a galactic outflow, or a combination of both. 
The rich detail provided by COS will allow us to study 
the physical conditions in the Lya emitting regions (in- 
cluding the Lya escape fraction) and their correlations 
with, e.g., the galaxy kinematics, dust content, and star- 
formation pr operties. Ear l y result s from these efforts are 
presented in [France et al.l ()2010bl ) . 

8. CONCLUSIONS 

The Cosmic Origins Spectrograph has been success- 
fully installed in the Hubble Space Telescope and is re- 
turning high quality scientific data on a wide variety of 
astrophysical targets. It has achieved its primary ob- 
jective of vastly increasing the sensitivity of UV spec- 
troscopy on HST, by a factor of 100 or more for faint 
targets, and opened up new observational opportunities 
for the astronomical community. 
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Fig. 15. — COS G130M rest-frame spectrum of the Ho selected galaxy KISSR0242, taken from the KISS database (Salzcr et al."200(7). 
This spectrum (adapted from France et al. 2010b) was obtained in a single orbit using the G130M grating at two central wavelengths. The 
data are shown in black, with the error vector overplotted as the dotted red line. Foreground absorbers are identified with green tickmarks 
and the emission and absorption features at the redshift of KISSR0242 are labeled in blue. 
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